Adsorption and oxidation of methanol on ultrathin ZnO layers supported on Au(111) have been investigated using temperature programmed reaction spectroscopy (TPRS) and density functional theory (DFT) calculations. In the TPRS experiments, following adsorption of methanol-18 O at T = 100 K, only molecular methanol-18 O desorbed from the planar ZnO bilayer surface at T = 220 and 260 K, whereas a partial oxidation product, formaldehyde-18 O (~ 95% selectivity), and a small amount of carbon dioxide (C 16 O 18 O) were produced at T = 580 K at the bilayer-trilayer step sites. The DFT calculations were used to identify the adsorption configurations of methanol on the planar ZnO surface and at the step sites, as well as the reaction pathways to gaseous formaldehyde. The most stable adsorption configuration corresponds to methanol molecule adsorbed at the bilayer-trilayer step sites with its C-O axis parallel to the upper terrace edge, forming a bond between its O atom and a Zn site on the lower terrace, and also a hydrogen bond between its H atom in the OH group and a lattice O anion at the upper terrace edge. Starting from the most stable adsorption configuration at the step sites, formation of gaseous formaldehyde was found to take place preferentially via a methoxy (CH 3 O(ad)) intermediate. This process follows the pathways CH 3 OH(ad) → CH 3 O(ad) + H(ad) → CH 2 O(g) + 2H(ad) and has an overall barrier of 19.0 kcal/mol. The reaction pathway to produce a lattice O-bonded formaldehyde (H 2 COO lattice (ad)), the proposed precursor leading to CO 2 , was found to be energetically less favorable with a barrier of ~ 38 kcal/mol. The preference to produce gaseous formaldehyde from the DFT calculations agrees well with the high selectivity toward formaldehyde observed in the TPRS experiments.
Introduction
Zinc oxide (ZnO) has a wide range of applications in different fields such as photovoltaics, gas sensing and catalysis [1] . As one of its most common usages in heterogeneous catalysis, ZnO is an important component in Cu based ternary catalysts (Cu/ZnO/Al 2 O 3 ) developed for synthesizing methanol from CO/CO 2 /H 2 gas mixtures [2, 3] . Understanding how methanol interacts with bulk ZnO surfaces and identifying the atomic scale features of ZnO surface responsible for methanol synthesis have become topics of increasing interest in surface science [4] [5] [6] [7] [8] [9] [10] [11] [12] . A variety of experimental techniques, including temperature programmed reaction spectroscopy (TRPS) [4] [5] [6] 13] , X-ray photoelectron spectroscopy (XPS) [7, 8] , near-edge X-ray absorption fine structure (NEXAFS) [8] , and scanning tunneling microscopy (STM) [10] , have been utilized to characterize and probe adsorption and reactions of methanol on single crystal ZnO surfaces. It 
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has been identified that methanol undergoes dissociation on the ZnO surfaces and evolves as formaldehyde at elevated temperatures above 500 K [6, 12, 13] . Besides formaldehyde, H 2 and other oxidation products (CO, CO 2 and H 2 O) were also detected [4] [5] [6] . In addition to experimental investigations, theoretical approaches were also used to describe the interactions of methanol with the ZnO surfaces [11] . Note that methanol oxidation in air catalyzed by oxide-based catalysts is the commercial process of producing formaldehyde [14, 15] , an important chemical feedstock used to synthesize many valuable compounds. Hence, fundamental investigations of methanol oxidation and decomposition on these single crystal ZnO surfaces could also provide useful knowledge to advance the catalysts development in the industrial production of formaldehyde.
In recent years, ultrathin ZnO, consisting of single or a few layers of ZnO(0001) planes, has been investigated in a number of studies [16] [17] [18] [19] [20] [21] [22] [23] . The increasing interest in this material was due to the unique structure of ZnO emerging at the two-dimensional limit. The ultrathin ZnO films, either grown on metallic single crystal substrates [16] [17] [18] [19] [20] or synthesized as free-standing films [24] , have a novel planar structure that is very different from that of the bulk wurtzite structure. This planar structure was predicted first based on theoretical calculations [25, 26] . It consists of Zn and O layers merged into the same plane, perpendicular to the c-axis of the wurtzite. Such an arrangement results in formation of graphite-like flat sheets which minimize the dipole moment arising from the alternating layers of cations and anions [16] . Ultrathin ZnO with the planar structure has been reported to exhibit electronic and chemical properties distinct from its bulk counterpart [19, 22] . In particular, adsorption of CO 2 at the bilayer-trilayer step sites of ultrathin ZnO leads to CO 2 bending and formation of carbonate-like species, as revealed recently based on the interplay of experimental and theoretical investigations done in our laboratory [23] . As noted in ref [23] , the Zn-O geometry and the coordination at the step sites of ultrathin ZnO are crucial elements for enhancing CO 2 adsorption and reactivity, characteristics that could also play a role to promote other chemical reactions.
In the present work, we investigate the interaction of methanol- 18 O with the ultrathin ZnO layers in order to evaluate the possibility of exploiting these step sites for promoting methanol oxidation, and also to understand the pathways and the energetics of the activation reactions. This knowledge may provide relevant insight into the surface chemistry of ZnO, particularly in its nanoscale form where the activity of ZnO nanoparticles is likely dominated by the presence of steps and other defects. We find that methanol- 18 O adsorbs/desorbs reversibly on the planar ultrathin ZnO surface, whereas oxidation of methanol- 18 O to formaldehyde- 18 O is promoted with a high selectivity of ~ 95% at the bilayer-trilayer step sites of ultrathin ZnO during the TPRS measurements. By analyzing the distributions of 18 O in the final products, it is identified that oxidation reactions do not involve breaking of the C- 18 O (accounting for ~ 5% selectivity) is less favorable due to a large barrier to generate a surface bonded formaldehyde (H 2 COO lattice (ad)), a proposed precursor leading to CO 2 production. The DFT calculations also reveal that the step sites of ultrathin ZnO provide a unique chemical environmental which facilitates multisite anchoring of the methanol molecules, and thus promote molecular activation and selective oxidation to formaldehyde.
Experimental and Theoretical Methods
All experiments were performed in two separate ultrahigh vacuum (UHV) chambers manufactured by Omicron Nanotechnology GmbH. One chamber (base pressure of ~ 3 × 10 − 10 mbar) has the capability of conducting temperature programmed reaction spectroscopy (TPRS) experiments using a differentially pumped mass spectrometer (MKS Microvision-IP) and a Eurotherm PID unit. The other one (base pressure ~ 2 × 10 − 10 mbar) is equipped with a scanning tunneling microscope (STM) for imaging surface structures. Each chamber is also equipped with an electron-beam assisted evaporator (Omicron EFM3T) for materials growth and other surface analytic tools such as X-ray photoelectron spectroscopy (XPS), low-energy ion scattering (LEIS), and low energy electron diffraction (LEED).
The growth of the ultrathin ZnO systems on Au(111) has been described in detail in our previous work [18, 19, 22] . ZnO(2L), consisting of ZnO bilayers, was grown on Au(111) via reactive deposition of Zn in the presence of NO 2 (P = 3 × 10 − 8 mbar, Research Grade) while maintaining the Au(111) surface temperature at T = 420 K. ZnO(2L-3L), consisting of ZnO bilayers, trilayers, and the steps between them, was prepared on Au(111) via reactive deposition in NO 2 (P = 3 × 10 − 8 mbar, Research Grade) at room temperature followed by annealing at 600 K for 5 min. Zn was evaporated from a rod material (Goodfellow, 2.0 mm diameter, 99.99% purity) onto the clean Au(111) using the Omicron EFM3T. The coverage of the ultrathin ZnO layers on Au(111) indicated throughout this work, is noted as monolayer equivalent (MLE) as determined from the XPS measurements [18] . The Au(111) single crystals (10 × 10 × 1 mm 3 , 99.999% purity, Princeton Scientific Corp.) were cleaned using cycles of Ar + sputtering (1.5 keV) at room temperature followed by annealing at 700 K for 10 min.
All TPRS data were taken by a MKS Microvision-IP mass spectrometer with a constant heating rate of 2 K/s controlled by a Eurotherm PID unit. O (95 at.% 18 O, Sigma-Aldrich), purified after 3 freeze-pump-thaw cycles, was admitted into the chamber via a precision leak valve (MDC Vacuum Products) with a background pressure rise of ΔP = 1 × 10 − 9 mbar while maintaining the ZnO/Au(111) surfaces at T = 100 K. The corresponding gas exposures are indicated in Langmuir (1 L = 1.33 × 10 − 6 mbar s). STM experiments were carried out at room temperature in constant current mode using etched W tips and the acquired images were processed with plane corrections using a scanning probe imaging processor (SPIP, Imagemet) software.
The computational model used to investigate adsorption of methanol on a ZnO bilayer (2L) and at the step sites of a bilayer-trilayer (2L-3L) is similar to the one we used previously to describe the adsorption properties of CO 2 on ZnO(2L) and ZnO(2L-3L) supported on Au(111) [23] . Specifically, calculations were done using plane-wave density functional theory calculations as implemented in the Vienna ab initio simulation package (VASP) [27, 28] . The PBE functional [29] corrected to include the long-range dispersion interactions using Tkatchenko and Scheffler method [30] was used for the treatment of the exchange and correlation. The electron-ion interactions was described by the projector augmented wave (PAW) method in the implementation of Kresse and Joubert [31] . A cutoff energy of 400 eV was used to expand the plane-wave basis set. The DFT calculations were corrected for on-site Coulomb interactions with the GGA + U procedure [32] , with an effective U eff = U − J of 8.5 eV for Zn as recommended from previous investigation of ultrathin films of ZnO [33] .
The slab model used in calculations contained a (7 × 7) ZnO(0001) overlayer adsorbed on a (8 × 8) Au(111) substrate with three atomic layers. Selection of this model allowed a 7/8 coincidence structure between ZnO and the Au substrate in order to account for the experimentally observed Moiré pattern [18, 19] . In the case of the bilayer-trilayer step, a (4 × 7) truncated trilayer was considered with the Zn termination of the third layer saturated with oxygen [23] . In geometry optimizations all ZnO atoms and the top layer of the Au substrate were allowed to relax. A 16.3 Å vacuum layer in the direction perpendicular to slab surface was used to minimize the interactions between the surfaces of adjacent slabs. The integration of the Brillouin zone was done using a 1 × 1 × 1 (Γ point) Monkhorst-Pack grid [34] .
Adsorption energy of methanol at different sites was determined as E ads = (nE CH 3 OH + E slab − E (CH 3 OH+slab) )∕n, where E CH 3 OH is the energy of the CH 3 OH molecule at its optimized gas phase geometry, n represents the number of adsorbate molecules in the simulation cell, E slab is the total energy of the slab, and E (CH 3 OH+slab) is the total energy of the adsorbate/slab system. A positive adsorption energy indicates a stable configuration in this case. The minimum energy reaction pathways for methanol dissociation were mapped out using the climbing-image nudged elastic band (CI-NEB) method [35, 36] .
Results and Discussion
The experimental setup and the computational approach considered in this work are similar to those we used before to characterize the adsorption properties of H 2 O and CO 2 molecules on ultrathin ZnO layers supported on Au(111) [22, 23] . Herein we provide only the essential characteristics of the systems investigated in this work. Briefly, ZnO(2L) in this study consists of two atomic layers of planar ZnO(0001) sheets ( Fig. 1a and inset), whereas ZnO(2L-3L) features steps that are formed between the planar bilayers and trilayers ( Fig. 1b and inset) . At similar ZnO coverages (0.8 vs 0.9 MLE), ZnO(2L) tends to form larger islands on Au(111) (average area ~ 500 nm 2 ), while ZnO(2L-3L) remains as a smaller structure (average area ~ 60 nm 2 ). Methanol- 18 O is selectively oxidized to formaldehyde- 18 O during the TPRS experiment performed on 0.9 MLE ZnO(2L-3L), as shown in Fig. 1c, d . Specifically, formaldehyde- 18 O (HCH 18 O, m/z = 32, parent ion) is evolved at T = 580 K in TPRS following an exposure of 0.2 L methanol- 18 O onto ZnO(2L-3L) at T = 100 K (Fig. 1d) . Unreacted methanol-18 O (CH 3 -18 OH, m/z = 34, parent ion) is also detected in TPRS, desorbing as broad peaks roughly centered at T = 380 K (Fig. 1c) . On 0.8 MLE ZnO(2L), all methanol- 18 O desorbs molecularly at T = 220 K and 260 K (Fig. 1c) . Importantly, there is no m/z = 32 peak associated with formaldehyde- 18 O in TPRS following an exposure of 0.2 L methanol- 18 O onto ZnO(2L) at T = 100 K, except for those identified as fragmentations of methanol- 18 O as seen below 300 K (Fig. 1d) . On the basis of these TPRS results as well as the previous data related to CO 2 adsorption on ultrathin ZnO [23] , we conclude that the bilayer-trilayer step sites are the main active sites involved in converting methanol- 18 O to formaldehyde-18 O. Noticeably, on both ZnO(2L) and ZnO(2L-3L), a small methanol- 18 O peak at T = 165 K is also detected in TPRS (Fig. 1c) , which is assigned to desorption from the Au(111) surface not covered by ZnO [37] .
Besides formaldehyde- 18 O, small amounts of other oxidation products are also produced during TPRS of methanol- 18 O on ZnO(2L-3L), as shown in (Fig. 2b) of the methanol- 18 O reaction on ZnO(2L-3L), as estimated by the quantitative analysis of our TPRS data (see Supplementary Materials for detail). Hence, the selectivity for formation of formaldehyde- 18 O is estimated to be ~ 95%. DFT calculations were performed to elucidate the energetics of methanol interaction with ultrathin ZnO layers and to evaluate the fundamental pathways responsible for molecular reactivity. Figure 3a -e show the calculated adsorption configurations and the corresponding adsorption energies of methanol on the planar ZnO bilayer surface and at the step sites formed between a ZnO bilayer and a trilayer. As seen in Fig. 3a (configuration C1) , the methanol monomer adsorbs on the planar surface with its O atom binding to a Zn site (adsorption energy E ads = 14.8 kcal/mol). This value is in line with the apparent activation energy of desorption estimated from the TPD of methanol- 18 O on ZnO(2L) based upon the Redhead equation [38] : E d = 13.6 kcal/mol (T peak = 220 K, first order, pre-factor 1 × 10 13 s − 1 ). When methanol on the planar ZnO surface forms dimers, the calculated adsorption energy increases to 19.5 kcal/mol due to the additional hydrogen bonds formed either between the two methanol molecules or between the OH group of one of the methanol molecules and a surface O anion (see configuration C2 in Fig. 3b) . Herein, the methanol desorption peak from ZnO(2L) at T = 260 K (E d = 16.1 kcal/mol) could be associated with methanol dimers or more likely other methanol overlayers mediated via extensive hydrogen bonding among the molecules. For comparison, it has been reported in our previous work that the chemisorbed water desorbs from an extended flat ZnO bilayer surface at T = 205 K whereas the hydrogen bond mediated water overlayers desorb at higher temperatures 245-279 K [22] .
Compared to adsorption on the planar bilayer surface, the DFT calculations reveal enhanced adsorption energies of methanol at the bilayer-trilayer step sites. In these cases, molecular binding can take place either at the upper terrace edge (Fig. 3c) or at the lower terrace with molecular C-O axis perpendicular or parallel to the upper terrace edge (Fig. 3d, e) . At the upper terrace edge (C3 in Fig. 3c) , the methanol molecule adsorbs in a configuration similar to that on the planar surface with its O atom bonded to a Zn site with the corresponding adsorption energy slightly increased to 16.1 kcal/mol. At lower terrace, multiple interactions between the atoms of the methanol molecule and the ZnO sites become possible. Specifically, for the adsorption configuration C4 (Fig. 3d) where C-O molecular axis is oriented perpendicular to the upper terrace edge, attractive interactions are present between the two hydrogen atoms in the -CH 3 group and the lattice O anions at the upper terrace edge, in addition to the bond formed between the O atom of methanol and a Zn site on the lower terrace. These multiple interactions enhance the overall adsorption energy to 21.9 kcal/mol. An even larger adsorption energy of 30.5 kcal/mol has been determined when methanol adsorbs at the lower terrace with its C-O axis parallel with the upper terrace edge (C5 in Fig. 3e ). In the C5 configuration, beside the Zn-OH(CH 3 ) bond, an additional hydrogen bond is created between the H atom in the OH group and a lattice O anion at the upper terrace edge. These results indicate that the adsorption location on the lower terrace in close proximity to the upper terrace edge leads to shorter interatomic contacts which favor an increase in the corresponding attractive dispersion interactions. Thus, the step sites are highly efficient in enhancing molecular binding due to the presence of multiple interaction centers. We note that methanol adsorption can also take place on the terrace of a trilayer system in a configuration similar to that found on the ZnO bilayer (see Fig. S1 ). The adsorption energy of methanol on the planar trilayer surface is 13.5 kcal/mol, slightly smaller than 14.8 kcal/mol determined on the bilayer surface.
The presence of the multiple C3-C5 configurations at the step sites described above with adsorption energies distributed in a relative large range of values of 16.1-30.5 kcal/ mol could explain the broad methanol- 18 O desorption peaks observed on ZnO(2L-3L) as shown in Fig. 1c . For comparison, the apparent activation energy of desorption centered at T peak = 380 K is estimated to be 23.8 kcal/mol. The minimum energy pathways for conversion of methanol to formaldehyde started from different initial adsorption configurations have also been calculated using DFT in combination with CI-NEB method. In all cases considered, a methoxy species (CH 3 O(ad)) has been identified as the key intermediate species leading to formation of formaldehyde, consistent with the results obtained in related studies [5, 6, 8] . According to these studies [5, 6] , the following mechanism has been proposed for the oxidation of methanol to formaldehyde on single crystal ZnO surfaces:
Note that such a mechanism also agrees with our TPRS experiments suggesting that reactions of methanol- 18 O at the steps of ZnO(2L-3L) do not involve breaking of the C- 18 O bond. We have considered a mechanism involving formation of the CH 2 -OH intermediate, based on reaction CH 3 OH(ad) → CH 2 -OH(ad) + H(ad). Our calculations (data not shown) indicate that such a mechanism encounters a much larger activation barrier (of about 66 kcal/mol) than
those corresponding to elementary steps shown in Eqs. (1) and (2), and thus the mechanism involving CH 2 -OH intermediate will not be discussed any further. Figure 4a shows the minimum energy pathway for methanol dissociation starting from configuration C1 on the bilayer ZnO surface and subsequent dehydrogenation to gaseous formaldehyde. The overall energetics of the reaction CH 3 OH(ad) → CH 2 O(g) + 2H(ad) is slightly exothermic by about 7.0 kcal/mol. As seen in this figure, the reaction proceeds by overcoming a relatively small barrier of 7.9 kcal/mol, corresponding to the dissociation of adsorbed methanol to CH 3 O(ad) and H(ad) species. However, a much larger barrier of 35.8 kcal/mol is required for the subsequent dehydrogenation of the methoxy species according to reaction CH 3 O(ad) → CH 2 O(g) + H(ad). This suggests that while formation of CH 3 O(ad) may occur on the planar ZnO surface, production of formaldehyde would be hindered due to the large barrier required to extract one of its H atoms from the adsorbed methoxy species. Moreover, the energy profile provided in Fig. 4a shows that the overall energy barrier is larger than the initial adsorption energy of CH 3 OH(ad) of 14.8 kcal/mol, indicating that the desorption of methanol is favored over gaseous formaldehyde production. Thus, the planar ZnO bilayer surface is not effective to convert methanol to formaldehyde, agreeing with our experimental data that there is no detectable formaldehyde- 18 O in TPRS following adsorption of methanol- 18 O on ZnO(2L). Given the similar adsorption characteristics compared to methanol on the planar ZnO bilayer surface, we can also rule out the planar ZnO bilayer surface being effective to convert methanol to formaldehyde.
The exothermic character of methanol oxidation to gaseous formaldehyde initiated at the bilayer-trilayer step sites is significantly increased compared to the case when the same reactions take place on the planar ZnO bilayer surface. This finding can be seen by comparing the energy profiles shown in Fig. 4b-d to that in Fig. 4a . For all adsorption configurations at the bilayer-trilayer step sites identified in this work, the corresponding reactions CH 3 OH(ad) → CH 2 O(g) + 2H(ad) are exothermic by 28 kcal/mol for C3 (Fig. 4b) , 20.6 kcal/mol for C4 (Fig. 4c) and by 24.1 kcal/ mol for C5 (Fig. 4d) . These values are significantly larger than the reaction exothermicity of 7.0 kcal/mol determined in the case of the planar bilayer surface.
The energy profiles in Fig. 4b -d also reveal important differences among reactions initiated at the bilayer-trilayer step sites. Specifically, there is a substantial drop in the reaction barriers from 57.9 kcal/mol to 27.7 and 19.0 kcal/ mol, when initiating reactions from C3, C4 and C5 configurations, respectively. These findings suggest that reactions involving methanol activation at the step sites where simultaneous bonding to both lower terrace and upper terrace edge sites are involved are significantly more favorable to take place than those initiated solely at the upper terrace edge. Additionally, as seen in Fig. 4b , c the barriers for C3 and C4 are both larger than the corresponding adsorption energies of the methanol molecule in the initial states. As a result, the methanol molecule will rather desorb than react, and the corresponding reactions starting from C3 and C4 configurations to produce gaseous formaldehyde remain kinetically hindered.
This situation is favorably changed for the pathway initiated from C5 configuration as shown in Fig. 4d . As discussed above, the stability of this configuration is significantly increased to E ads = 30.5 kcal/mol. At the same time, the overall reaction barrier of methanol oxidation to gaseous formaldehyde decreases to19.0 kcal/mol, the lowest among all the other energy pathways considered in this work. More importantly, this barrier is considerably smaller than the adsorption energy of C5 configuration. These findings suggest that reactions initiated from C5 configuration at the bilayer-trilayer step sites are preferred among all the other pathways, making it a primary candidate responsible for oxidation of methanol to formaldehyde on ZnO(2L-3L) as seen in the TPRS experiments.
The importance of Zn-O geometry and molecular coordination at the steps of ultrathin ZnO has been illustrated in our previous work, accounting for the enhanced adsorption and activation of CO 2 [23] . The findings in the present work again highlight the essential role of the step sites in promoting methanol oxidation to formaldehyde. The increased activity at the step sites is favored by the geometric arrangement provided by the steps which allow not only adsorbate-substrate covalent interactions between O atom of methanol and Zn atom of the surface but also multiple non-bonded interactions of electrostatic and van der Waals nature between molecule and surface, leading to a closer respectively. The Au atoms have been removed from the inset figures to improve clarity. For each reaction pathway, the initial energy was taken with respect to the sum of energies for the isolated surface and the isolated molecule (taken as zero of energy), and therefore, it corresponds to the negative of the adsorption energy as defined in Sect. 2 proximity of the adsorbed molecule to the surface in the case of the step relative to the case of adsorption on the terrace. For example, in the case of methoxy species there are significantly shorter O(surface) … H contacts of the methyl group of 2.456 Å (at the step) vs 3.138 Å (on the terrace) favoring a much lower barrier for H donation at the surface step edge (Fig. 4d) than on the flat terrace (Fig. 4a) .
By comparing the calculated minimum energy pathways shown in Fig. 4 , it is evident that the ZnO bilayer-trilayer step sites not only enhance adsorption of methanol but also significantly lower the energy barriers to produce formaldehyde. Among the three stable methanol adsorption configurations at the step sites identified here, only the most stable C5 configuration is energetically favorable to yield the final product formaldehyde. The abstraction from both -OH and -CH 3 groups are facilitated by the O anions at the upper terrace edge (Fig. 4d) , resulting in formation of two hydroxyl groups bonded at the upper terrace edge. Such hydroxyls would possibly recombine to desorb as H 2 O at T = 640 K as seen in TPRS. This is different from the experimental observation on single crystal ZnO(0001) surface where H adsorbs presumably on the basal plane, and then evolves as H 2 at T > 500 K [12] . However, formation of a small amount of H 2 below the detection limit of our mass spectrometer cannot be fully ruled out.
Formate species (HCOO − ) has been suggested as a key intermediate in methanol decomposition, leading to oxidation products such as CO and CO 2 . According to previous studies [5, 6] , methanol decomposition on the wurtzite surface takes place as:
We have not studied the full set of reactions involved in Eq. (3) but have considered only the initial step (after methanol dissociation), corresponding to formation of a surface-bonded formaldehyde with its C atom bonded to a lattice O anion at the upper terrace edge (H 2 COO lattice (ad)). The calculated minimum energy pathways from adsorbed methanol to H 2 COO lattice (ad) are shown in Fig. 5a, b , for the case of reactions initiated from C4 and C5 configurations, respectively. In both cases, the energy barriers to produce the H 2 COO lattice (ad) species are quite high, with values of 37.4 and 38.7 kcal/mol for C4 and C5 configurations, respectively. When comparing these values to the barrier of 19.0 kcal/mol for gaseous formaldehyde production (Fig. 4d) , it is evident that formation of bonded formaldehyde species encounters much higher barriers. It is necessary to note that H 2 COO lattice (ad) is a proposed intermediate and we have not fully examined the specific pathways responsible for CO 2 formation. Thus, we caution against correlating the experimentally observed selectivity with the theoretical selectivity determined based on a kinetic model using the calculated barriers. Nevertheless, these computational results indicate that the pathways to CO 2 formation are much less favorable than partial oxidation to formaldehyde. As suggested by our experimental TPRS results presented above, the selectivity to formaldehyde- 18 O is high (~ 95%) and that for C 16 been removed from inset figures to improve clarity. For each reaction pathway, the initial energy was taken with respect to the sum of energies for the isolated surface and the isolated molecule (taken as zero of energy), and therefore, it corresponds to the negative of the adsorption energy as defined in Sect. 2 methanol TPRS experiment. Understanding the characteristics of these defect sites is an important topic for future investigations: for example, the structure of these defect sites and how they impact the activity toward methanol oxidation. To complete a catalytic cycle, it is imperative to remedy these O vacancies with oxidants such as O 2 . Thus, the interaction between O 2 and the O vacancies created after methanol oxidation at the step of ultrathin ZnO layers should also be investigated. Experimental and computational efforts are underway to explore these details.
Conclusion
We show that the planar ZnO bilayer surface is inactive toward oxidation of methanol- 18 O, whereas the bilayer-trilayer step sites promote selective oxidation to formaldehyde- 18 O. On the planar ZnO surface, methanol- 18 O desorbs molecularly at T = 220 and 260 K in TPRS, corresponding to E d = 13.6 and 16.1 kcal/mol, respectively. These two desorption peaks are assigned to chemisorbed methanol- 18 O and tentatively to hydrogen-bonded methanol- 18 O structures on the planar ZnO surface, based on DFT calculated adsorption energies of methanol monomer (E ads = 14.8 kcal/mol) and dimer (E ads = 19.5 kcal/mol) and by comparison with previous work [22] . Methanol binds most strongly at the bilayer-trilayer step sites of ultrathin ZnO where multiple adsorption configurations have been identified by DFT calculations. These configurations have a broad distribution of the adsorption energies in the range 16.1-30.5 kcal/mol, consistent with the TPRS experiment showing broad methanol- 18 O desorption peaks roughly centered at T = 380 K (E d = 23.8 kcal/mol). More importantly, adsorption of methanol- 18 O at the bilayer-trilayer step sites leads to evolution of gaseous formaldehyde- 18 O at T = 580 K as detected in TPRS. Such a process is supported by the calculated minimum energy pathway CH 3 OH(ad) → CH 3 O(ad) + H(ad) → CH 2 O(g) + 2H(ad), with an overall minimum barrier of 19.0 kcal/mol. The reaction pathways to yield CO 2 are hindered by the presence of a large barrier (~ 38 kcal/mol) to produce the precursor H 2 COO lattice (ad) species, resulting in a high selectivity toward gaseous formaldehyde- 18 O (95% selectivity) as determined from the TPRS experiments.
